Isolation and Molecular Characterization of a Novel Cytopathogenic Paramyxovirus from Tree Shrews  by Tidona, Christian A. et al.
g
T
E
h
E
(
c
m
h
1
1
A
h
n
t
u
s
m
(
R
A
(
d
Virology 258, 425–434 (1999)
Article ID viro.1999.9693, available online at http://www.idealibrary.com onIsolation and Molecular Characterization of a Novel Cytopathogenic
Paramyxovirus from Tree Shrews
Christian A. Tidona,*,1 Hans W. Kurz,* Hans R. Gelderblom,† and Gholamreza Darai*
*Institut fu¨r Medizinische Virologie, Universita¨t Heidelberg, Im Neuenheimer Feld 324, D-69120 Heidelberg, Federal Republic of Germany;
and †Robert Koch-Institut, Nordufer 20, D-13353 Berlin, Federal Republic of Germany
Received January 6, 1999; returned to author for revision February 8, 1999; accepted March 10, 1999
A cytopathic infectious agent was isolated from the kidneys of an apparently healthy tree shrew (Tupaia belangeri) that had
been captured in the area around Bangkok. The infectivity was propagated in Tupaia fibroblast and kidney cell cultures.
Paramyxovirus-like pleomorphic enveloped particles and helical nucleocapsids were observed by electron microscopy and
accordingly the infectious agent was termed Tupaia paramyxovirus (TPMV). However, no serological cross-reactions were
detected between TPMV and known paramyxoviruses. For the molecular characterization of TPMV an experimental strategy
that allows the random-primed synthesis of relatively large cDNA molecules from viral genomic RNA was applied. Nucleotide
sequence analysis of a TPMV-specific cDNA fragment (1544 bp) revealed two nonoverlapping partial open reading frames
corresponding to paramyxoviral N and P transcription units. Using modified rapid amplification of cDNA ends techniques, a
substantial contiguous portion of the viral genome (4065 nt) was elucidated including the complete N and P/V/C genes. The
coding strategy of TPMV as well as significant amino acid sequence homologies clearly indicates an evolutionary relation-
ship between TPMV and members of the genus Morbillivirus. Highest homologies were detected between TPMV and Hendra
virus (equine morbillivirus), which recently emerged in Australia, causing outbreaks of fatal respiratory and neurological
disease in horses and humans. © 1999 Academic Press
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(INTRODUCTION
During the past decades a number of new viral patho-
ens that cause fatal diseases in humans have emerged.
he most prominent examples are Marburg virus and
bola virus, which have caused several outbreaks of
emorrhagic fever since their first appearance in 1967 in
urope (Siegert et al., 1967) and 1976 in central Africa
Johnson et al., 1977), respectively. Other examples in-
lude Sin nombre virus and Hendra virus (HeV, equine
orbillivirus). Sin nombre virus is the causative agent of
antavirus pulmonary syndrome and first emerged in
993 in the southwestern United States (Nichol et al.,
993), whereas HeV was first reported in 1994 in eastern
ustralia, where it caused fatal respiratory disease in
orses and humans (Murray et al., 1995). All of these
ewly emerging human diseases have a common trait in
hat they arise from zoonotic infections of previously
nknown viral agents belonging to the group of negative-
tranded RNA viruses. Here we report the isolation and
olecular characterization of a novel paramyxovirus
Mononegavirales, nonsegmented negative-stranded
NA viruses) from an apparently healthy Southeast
sian tree shrew (Tupaia belangeri). The tree shrews
Tupaia ssp., family Tupaiidae) are classified as a sepa-
1 To whom correspondence and reprint requests should be ad-
(ressed. Fax: 149-6221-56-4104. E-mail: mail@tidona.de.
425ate mammalian order (Scandentia) that probably di-
erged from the primate order (Primates) about 85 million
ears ago (Novacek, 1992; Kumar and Hedges, 1998).
onsequently tree shrews are phylogenetically much
ore closely related to humans than any other nonpri-
ate laboratory animal, which makes them a useful
nimal model for some human viral diseases (Darai et
l., 1978; Yan et al., 1996; Xie et al., 1998).
Members of the family Paramyxoviridae are character-
zed by their pleomorphic enveloped particle morphol-
gy. The envelope encloses a helical ribonucleoprotein
omplex that contains the linear negative-stranded
enomic RNA molecule usually between 15 and 16 kb in
ize (Lamb and Kolakofsky, 1996). The viral genes are
redominantly monocistronic and the individual tran-
cription units do not overlap one another, with the only
nown exception being the M2-L gene overlap in mam-
alian pneumoviruses. The current taxonomy (Rima et
l., 1995; Pringle, 1998) divides the paramyxoviruses into
he subfamilies Paramyxovirinae and Pneumovirinae.
he Paramyxovirinae include the genera Respirovirus
former name Paramyxovirus), Morbillivirus, and Rubula-
irus, whereas the Pneumovirinae are represented by
he genera Pneumovirus and Metapneumovirus. Each of
he five genera includes highly contagious human and
nimal pathogens such as human parainfluenza virus 1
HPIV1), measles virus (MeV), canine distemper virus
CDV), Rinderpest virus (RPV), mumps virus (MuV), New-
0042-6822/99 $30.00
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426 TIDONA ET AL.astle disease virus (NDV), human respiratory syncytial
irus (HRSV), and turkey rhinotracheitis virus (TRTV). In
he present study the morphology, antigenic relatedness,
issue tropism, cytopathogenicity in cell culture, and the
omplete nucleotide sequences of the N and P/V/C
enes of Tupaia paramyxovirus (TPMV) were determined
nd analyzed.
RESULTS
solation of a paramyxovirus-like infectious agent
Primary kidney cells that had been obtained from an
pparently healthy tree shrew (T. belangeri, stock BAF-
IAS/78, imported from Bangkok) spontaneously degen-
rated after 7 days in cell culture. The cytopathic effect
CPE) was manifested by progressive formation of ex-
ended polycaryocytes and cell lysis. A similar CPE was
een when clarified supernatants of the degenerating
ell culture were transferred onto permanent Tupaia fi-
roblast or kidney cell cultures, indicating the presence
f an infectious agent. The infectious agent was purified
rom supernatants of infected Tupaia cell cultures by
ucrose density gradient centrifugation. Electron micros-
opy revealed that the peak fractions of the density
radients at an average buoyant density of 1.19 g/cm3
ontained a high concentration of paramyxovirus-like
leomorphic enveloped particles varying in size from 300
o 1000 nm (Fig. 1A). It was found that the viral envelopes
ere densely studded with short envelope projections
bout 8 nm in length when phosphotungstic acid was
sed for negative contrasting. In addition, free strands of
ibonucleoprotein helices resembling paramyxovirus nu-
leocapsids were observed, often in the neighborhood of
nvelope remnants (Fig. 1B). The strands have a diam-
ter of 18 nm and most probably have arisen from the
egative staining procedure, which appears to be detri-
ental to the virus envelope structure. Based on the
esults of the electron microscopic studies the infectious
gent was preliminarily termed TPMV. The growth kinet-
cs of TPMV was determined by plaque titration assays
n TBF cells using a multiplicity of infection (m.o.i.) of 0.1
laque-forming units (PFU) per cell. Maximal infectivity of
ell culture supernatants was reached at 30 h postinfec-
ion (p.i.), corresponding to approximately 105 PFU/ml.
ubstantially higher titers could not be achieved due to
he highly cytopathogenic nature of the virus. The host
ange of TPMV in cell culture was found to be restricted
o Tupaia cells since the virus did not replicate in any
ther mammalian cell line tested so far as determined by
laque titration assays. Similar results were obtained in
ivo, where subcutaneous, intraperitoneal, or intracere-
ral inoculation of newborn Syrian hamsters, C3H/HeJ
ice, and Sprague–Dawley rats (104 PFU/animal) did not
esult in any measurable production of virus progeny
data not shown). The double-immunodiffusion technique
Ouchterlony, 1967) was used to determine possible an- pigenic relationships. No serological cross-reactivity was
etected between TPMV and members of the different
aramyxovirus genera including human parainfluenza
irus 1, Sendai virus (genus Respirovirus), measles virus
genus Morbillivirus), mumps virus, and avian paramyxo-
irus 2 (genus Rubulavirus). The lack of serological
ross-reactivity indicates that TPMV is antigenically dis-
inct from these viruses.
loning and sequence analysis of a TPMV-specific
DNA fragment
A protocol that allows the synthesis of relatively large
DNA molecules from nonpolyadenylated RNA prepara-
ions using random oligonucleotide primers was devel-
ped. Based on this random-primed long-range cDNA
ynthesis procedure, RNA from purified TPMV virions
as reverse-transcribed and used to establish an ex-
ression library in l gt11. The majority of the recombinant
hage clones harbored cDNA inserts between 400 and
600 bp as determined by polymerase chain reaction
PCR) analysis of a random set of 100 individual phage
lones. The expression library was screened using a
PMV-specific rabbit hyperimmune serum. A strongly
FIG. 1. Transmission electron micrographs of negatively stained
upaia paramyxovirus particles (A) and free nucleocapsids (B) that
ave been purified from infected cell culture supernatants by sucrose
ensity gradient centrifugation.ositive phage clone was plaque-purified, the cDNA in-
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427A NOVEL PARAMYXOVIRUS FROM TREE SHREWSert was amplified by PCR, and the nucleotide sequence
as determined. Computer-assisted analysis revealed
hat the cloned cDNA fragment (1544 bp) harbored two
onoverlapping partial open reading frames (ORFs) com-
rising 177 and 212 codons, respectively. The deduced
mino acid sequences were found to be significantly
omologous to the nucleocapsid proteins (N) and phos-
hoproteins (P) of paramyxoviruses, indicating that these
wo partial ORFs correspond to the respective N and P
ranscription units of TPMV.
he complete nucleotide sequence of the N and
/V/C genes
The unknown 39-terminal portion of the P transcript
as amplified and the polyadenylation sites of the N and
transcripts were determined using a standard 39-RACE
rapid amplification of cDNA ends) technique. Specific
9-RACE products representing 39-terminal fragments of
he N (0.4 kb) and P (1.9 kb) transcripts were obtained
hen total RNA from TPMV-infected TBF cells was used
s a template.
A 59-RACE protocol was developed that allowed the
mplification of the relatively large unknown 59-terminal
ortion of the N transcript (about 1.2 kb) as well as the
dentification of the actual initiation sites of the N and P
ranscripts. The procedure is based on the ligation of a
9-phosphorylated synthetic oligonucleotide to the 39-
nds of the first-strand cDNA molecules that have been
FIG. 2. Schematic representation of the 39-terminal 4065 nt of the gen
rrows represent viral ORFs (numbers of encoded amino acids are give
hown above (11 frame) and below (21 frame) the main reading fra
ndicated by a black arrowhead. The 39 leader sequence is represented
s white half-circles and gene borders are indicated by dashed lines.
CR amplification of viral cDNA are shown as solid black lines. Specif
s white arrowheads and primer names are shown below the respectenerated by extension of specific reverse primers. In tubsequent PCR experiments the synthetic nucleotide
equence served as a binding site for a specific forward
rimer. 59-RACE amplificates of 1.2 and 0.7 kb corre-
ponding to the 59-termini of the N and P transcripts,
espectively, were obtained. An additional DNA band
as obtained when a specific reverse primer was used
hat was designed to bind in proximity to the 59-end of
he N transcript. Nucleotide sequence analysis revealed
hat this additional band represents the 59-terminus of
he antigenomic RNA molecule. As a replicative interme-
iate this viral RNA species is present in total RNA
reparations from TPMV-infected cells and includes a
5-nt genomic leader sequence.
The complete nucleotide sequences of the specific
ACE products were determined and assembled into a
ontiguous sequence of 4065 nt. This sequence repre-
ents the 39-terminus of the viral genome including the 39
eader sequence and the complete N and P/V/C genes
Fig. 2). The N transcript comprises 1863 nt (excluding
he poly(A) tail) and contains a single ORF (N, 552
odons) that encodes the viral nucleocapsid protein. The
transcript with a size of 2144 nt (not including poly(A))
as found to be polycistronic, which is a characteristic
eature of members of the subfamily Paramyxovirinae
Lamb and Kolakofsky, 1996). The transcript contains one
arge ORF (P, 527 codons) encoding the viral phospho-
rotein and two additional smaller ORFs that completely
verlap the P ORF in the 11 reading frame. The first of
NA and the mRNA transcripts of the N and P/V/C genes of TPMV. Black
rentheses). Overlapping ORFs within the polycistronic P/V/C gene are
e V ORF is produced by a cotranscriptional mRNA editing event as
hite box. Conserved transcriptional start and stop signals are depicted
nts of the viral genome that were obtained by molecular cloning and
nucleotide primers that were used in RACE experiments are depicted
er symbols.omic R
n in pa
me. Th
by a w
Fragme
ic oligohe two small ORFs (C, 153 codons) encodes the non-
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428 TIDONA ET AL.tructural protein C, whereas the second ORF (Z, 77
odons) has no positionally conserved counterpart
mong the known members of the paramyxovirus family.
valuation of superimposed signals during nucleotide
equence analysis of P-specific amplification products
evealed that about half of the P transcripts contain an
dditional G residue between nucleotides 900 and 901.
his insertion of a single nontemplated G residue results
n a frameshift, generating a new ORF of 282 codons in
hich a small internal region encoding the cysteine-rich
-terminal part of the nonstructural protein V (V, 53
odons, 21 reading frame) is fused to the 59-terminal 228
odons of the P ORF (Fig. 2).
roperties and phylogenetic relatedness of the N and
proteins
The N protein of TPMV has a length of 552 amino
cids (aa) and a predicted molecular mass of 61.5 kDa.
he highest level of amino acid sequence identity was
ound between the N proteins of TPMV and HeV (34.9%)
Yu et al., 1998) followed by the morbilliviruses (30–32%).
omologies with N proteins of the genera
espirovirus and Rubulavirus were significantly lower
23–26% identity), whereas identity values of cognate
neumovirus proteins were below the threshold of
5%. The residues that have been shown to be crucial
or RNA binding (Y260) and self-assembly (F324) of the
endai virus (SeV) N protein (Myers et al., 1997) were
ound to be perfectly conserved in all members of the
ubfamily Paramyxovirinae including TPMV (Y258 and
322, respectively). The proposed self-assembly domain
s the region of highest conservation among N proteins
f the Paramyxovirinae subfamily and is defined by
he sequence pattern F-x(4)-Y-x(3)-[FWY]-S-[FY]-A-M-G
adapted from Morgan et al., 1984). A unique feature of
he TPMV N protein is a leucine zipper motif (aa position
41–369) that is present in proximity to the tentative
elf-assembly domain and might be involved in protein–
rotein interactions.
The size and the predicted molecular mass of the
PMV P protein were determined to be 527 aa and 57.4
Da, respectively. Significant amino acid sequence ho-
ologies above 20% identity were detected only with P
roteins of the different morbillivirus species, with the
ighest identity value being 24.6% as determined for
eV. Areas of high amino acid sequence conservation
ere also detected when the P proteins of TPMV and
eV (Wang et al., 1998) were compared to each other.
owever, the exceptional size of the HeV phosphopro-
ein (707 aa) is reflected in a substantially lower percent-
ge of sequence identity with the corresponding TPMV
rotein (16.9%). Two features that are characteristic for
ost of the paramyxovirus P proteins are their acidic
soelectric point (pI) and their relatively high content of
otential phosphorylation sites, which are used by cel- fular serine/threonine-specific protein kinases such as
rotein kinase C z and casein kinase II (Das et al., 1995;
untley et al., 1995, 1997; Liu et al., 1997). These features
lso apply to the P protein of TPMV, which has an
stimated pI of 5.1 and contains 29 dispersed potential
arget sites for serine/threonine-specific protein kinases.
omains that show significantly high levels of amino
cid sequence conservation among the P proteins of
PMV and the different morbilliviruses were found to be
xclusively located within the unique C-terminal portion
f the protein. For some members of the subfamily
aramyxovirinae this part of the P protein was shown to
ontain the sites that mediate trimerization and binding
o the other viral transcription/replication complex com-
onents N and L (Curran et al., 1995; Liston et al., 1995;
arty and Palese, 1995; Ryan and Kingsbury, 1988). Thus
he C-terminal amino acid sequence motif S-T-[IL]-E-G-
-L-S-S-[FIV]-M-I-A-I-P-G that was found to be exception-
lly well conserved between TPMV and members of the
enus Morbillivirus might be involved in at least one of
hese specific protein–protein interactions. A particularly
igh concentration of basic amino acids was detected
etween residues 84 and 98 of the TPMV P protein. This
s in agreement with a homologous and positionally
onserved region within the P protein of simian parain-
luenza virus 5 (SV5) that was shown to be involved in
NA binding (Lin et al., 1997).
To determine the phylogenetic position of TPMV within
he family Paramyxoviridae the amino acid sequences of
he N and P proteins of 23 selected paramyxovirus spe-
ies were used to generate a combined cluster align-
ent. From the resulting phylogenetic tree (Fig. 3) it is
vident that TPMV is in fact related to HeV and to the
embers of the genus Morbillivirus. However, neither
PMV nor HeV is directly associated with the Morbillivi-
us cluster.
nalysis of the accessory P/V/C gene products
Most of the paramyxovirus species belonging to the
aramyxovirinae subfamily encode a nonstructural V pro-
ein (Lamb and Kolakofsky, 1996). The V protein of TPMV
omprises 282 aa and has a predicted molecular mass
f 30.7 kDa. It is expressed from the cotranscriptionally
dited P mRNA and consequently shares its N-terminal
28 aa with the viral phosphoprotein. The unique C-
erminal part of the paramyxoviral V proteins, including
hat of TPMV, is characterized by the presence of seven
ositionally highly conserved cysteine residues and a
articularly high degree of amino acid sequence homol-
gy (Fig. 4). The amino acid sequence pattern W-C-N-P-
-C-x(11)-C-x-C-x(2)-C-P-x(2)-C-x(2)-C was found to be
erfectly conserved in almost all of the known paramyxo-
irus V proteins. The actual function of the V protein is
ot known and it appears to be nonessential as shownor members of the genus Respirovirus (Matsuoka et al.,
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429A NOVEL PARAMYXOVIRUS FROM TREE SHREWS991; Delenda et al., 1997; Schneider et al., 1997). How-
ver, it was shown for some paramyxoviruses that the
ysteine-rich domain of the V protein can bind two atoms
f zinc (Liston and Briedis, 1994; Steward et al., 1995) and
pecifically interacts with the large subunit of the cellular
amage-specific DNA-binding protein (Lin et al., 1998).
ince all involved cysteine residues are perfectly con-
erved in the V protein of TPMV it can be assumed that
he TPMV protein is functional.
Members of the genera Respirovirus and Morbillivirus
xpress a relatively small basic C protein that is translated
y alternative start codon usage from an ORF that overlaps
he 59-proximal portion of the P ORF in the 11 reading
rame (Lamb and Kolakofsky, 1996). The C protein of TPMV
as a size of 153 aa, a predicted molecular mass of 17.8
Da, and a predicted pI of 10.0, which is in agreement with
FIG. 3. Phylogenetic majority-rule consensus tree of the family Param
hosphoprotein amino acid sequences of selected family members. Bra
ikelihood estimates based on the Dayhoff PAM matrix. Bootstrap supp
nd TPMV (77%). The lower value of TPMV results from the fact that in
ranch. The following paramyxovirus species are included in the clu
arentheses): HeV, Hendra virus (AF017149); TPMV, Tupaia paramyxovi
istemper virus (P35944, P35939); DMV, dolphin morbillivirus (X75961, Z
DV, Newcastle disease virus (Z30084, Q06427); HPIV4A, human para
P17241, P21738); MuV, mumps virus (P21277, P19717); SV5, simian pa
23056); SV41, simian parainfluenza virus 41 (P27018, S60813); SeV, S
28054); HPIV3, human parainfluenza virus 3 (P06159, P06162); BPIV3, b
irus (Q83957, Q83956); BRSV, bovine respiratory syncytial virus (P226
neumonia virus of mice (P26589, U09649); TRTV, turkey rhinotracheitihe properties of other known paramyxovirus C proteins. eowever, the C proteins are highly variable and their actual
unction has not been elucidated except that they appear to
e nonessential in cell culture but are required for produc-
ive replication in vivo (Garcin et al., 1997; Kurotani et al.,
998). Further downstream of the TPMV C ORF there is a
econd potential coding region in the 11 reading frame
esignated ORF Z (Fig. 2) that partially overlaps the V ORF.
he hypothetical small basic Z protein encoded by this
RF comprises 77 aa and has a predicted molecular mass
f 8.7 kDa and a pI of 10.7. This seems to be a unique
eature of TPMV since no positionally conserved or struc-
urally related homolog of the hypothetical Z protein could
e detected. However, it is important to note that HeV
epresents the only other known paramyxovirus that puta-
ively encodes a second small basic protein by an indepen-
ent ORF that is located downstream of the C ORF (Wang
idae based on a combined cluster alignment of the nucleocapsid and
gths represent relative phylogenetic distances according to maximum
0% for all branching points, with the only exceptions being HeV (98%)
f the evaluated trees the TPMV branch initiates at the root of the HeV
gnment (GenBank/EMBL/SwissProt accession numbers are given in
079780); CDV, canine distemper virus (P04865, P06940); PDV, phocine
; MeV, measles virus (Z66517); RPV, rinderpest virus (Q03332, Q03335);
za virus 4a (P17240, P22044); HPIV4B, human parainfluenza virus 4b
nza virus 5 (AF052755); HPIV2, human parainfluenza virus 2 (P21737,
virus (P04858, P04860); HPIV1, human parainfluenza virus 1 (P24304,
arainfluenza virus 3 (P06161, P06163); ORSV, ovine respiratory syncytial
454); HRSV, human respiratory syncytial virus (P03418, P03421); PVM,
(U39295, U22110).yxovir
nch len
ort is 10
some o
ster ali
rus (AF
47758)
influen
rainflue
endai
ovine p
77, P33t al., 1998).
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430 TIDONA ET AL.dentification of conserved transcriptional signal
equences
Paramyxovirus transcription is thought to initiate at the
9 leader sequence of the genomic negative-sense RNA
olecule (Lamb and Kolakofsky, 1996). The individual
RNA transcripts are produced by a stop-and-reinitia-
ion mechanism that is controlled by conserved tran-
criptional signal sequences at the gene borders. Based
FIG. 4. Multiple amino acid sequence alignment of the conserved cystein
he amino acid positions within the respective proteins. Conserved amin
onservation are boxed, and the positions of the seven conserved cystei
lignment indicate identical and similar amino acid residues, respectively.
n the alignment (GenBank/EMBL/SwissProt accession numbers are show
AF017149); MeV, measles virus (P26036); RPV, rinderpest virus (Q03340); D
hocine distemper virus (P35941); SeV, Sendai virus (M30202); BPIV3, bo
arainfluenza virus 5 (P11207); SV41, simian parainfluenza virus 41 (P3631
irus 4a (P21739); HPIV4B, human parainfluenza virus 4b (P21740); NDV,
84095, and M30202 were manually edited by inserting a single G nucle
T
Relatedness of Conserved Transcriptional Signal
of the Genera Morb
Virus 39 terminus N start N stop
PMV ACCAGAAAAGG AGGAACAAAG TTAAAGAAAA
eV ...GA.C.... ......C... ....GA....
eV ....A.C..A. ....TTC... ...T.A....
PV ......C..A. ....TTC... ...T.A....
DV ......C..A. ...GT...T. ...T.A....
eV ....A.C...A ...GT..... G...GA....
PIV3 ....A.C...A ....TT.... G...GA....
Note. Dots represent identical nucleotides according to the TPMV
essage sense corresponding to antigenomic cDNA. 39-terminus, cons
nitiation and termination signals; ITN, intergenic trinucleotide; G inse
dditional G residue; Accession No., GenBank/EMBL accession numbe
easles virus (strain Edmonston B); RPV, rinderpest virus (strain RBOK)); BPIV3, bovine parainfluenza virus 3 (strain 910N0).n comparative nucleotide sequence analysis it was
ound that TPMV, HeV, and members of the genera Re-
pirovirus and Morbillivirus have a common strategy of
ranscriptional control that includes the conserved inter-
enic trinucleotide 39-GAA-59. In Table 1 the 39-terminal
onserved regions, the transcriptional start and stop
ignals of the N and P/V/C genes, and the cotranscrip-
ional RNA editing sites of HeV and selected members of
C-terminal region of selected paramyxovirus V proteins. Numbers indicate
residues are shown in boldface letters, two areas of exceptionally high
ues are marked by black boxes. Asterisks and plus symbols below the
ino acid sequences of the following paramyxovirus species are included
rentheses): TPMV, Tupaia paramyxovirus (AF079780); HeV, Hendra virus
lphin morbillivirus (Z47758); CDV, canine distemper virus (AF014953); PDV,
arainfluenza virus 3 (D84095); MuV, mumps virus (P33483); SV5, simian
2, human parainfluenza virus 2 (P23057); HPIV4A, human parainfluenza
stle disease virus (Q06428). Nucleotide sequences AF014953, Z47758,
the mRNA editing sites to produce the appropriate V ORF.
ces among TPMV, HeV, and Selected Members
and Respirovirus
P/V/C start P/V/C stop G insertion
Accession
No.
AGGATCCAAG TTACAAAAAA TTAAAAAAGG AF079780
.......... ...AG.... .......G.. AF017149
....A...G. ...T...... .......G.. Z66517
....C...G. ...T...... .......G.. Z30697
....C...G. ...T...... .......G.. AF014953
...G.GA... ...AG..... AC........G M19661
.....TA.C. ...AG..... ..........GG D84095
nces. For better understanding, nucleotide sequences are given in
region at the 39 terminus of the genomic RNA; start/stop, transcription
otranscriptional RNA editing signal for the insertion of at least one
, Tupaia paramyxovirus; HeV, Hendra virus (equine morbillivirus); MeV,
anine distemper virus (strain Onderstepoort); SeV, Sendai virus (straine-rich
o acid
ne resid
The am
n in pa
MV, do
vine p
5); HPIV
NewcaABLE 1
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431A NOVEL PARAMYXOVIRUS FROM TREE SHREWShe genera Respirovirus and Morbillivirus are shown in
elation to the corresponding signal sequences of TPMV.
s expected, the highest nucleotide sequence homolo-
ies were detected between TPMV and HeV.
DISCUSSION
During the past decade a number of dramatic disease
utbreaks in animals were found to be attributed to
nfectious agents from the Morbillivirus group. Important
xamples are the mass mortalities in seals in the North
nd Baltic Seas in 1988 (Osterhaus et al., 1988) and a
atal epidemic in Serengeti lions in 1994 (Roelke-Parker
t al., 1996). More importantly, some of the newly discov-
red paramyxoviruses including HeV and Menangle vi-
us were found to cause zoonotic infections in humans
Murray et al., 1995; Philbey et al., 1998). With the present
ork describing the isolation and molecular character-
zation of a novel paramyxovirus from a Southeast Asian
ree shrew we add a new member to the growing list of
aramyxovirus pathogens and provide improved experi-
ental tools for future characterization of novel virus
solates.
The determination and analysis of 4065 nt at the 39
nd of the TPMV genome provided sufficient evidence
hat TPMV is phylogenetically related to HeV and the
orbillivirus genus. The most important common feature
f this group of viruses is their characteristic coding
trategy within the P gene locus. In addition to the viral
hosphoprotein the P/V/C genes of TPMV, HeV, and the
orbilliviruses encode a cysteine-rich V protein and a
mall basic C protein (Lamb and Kolakofsky, 1996). In
ontrast, members of the genera Rubulavirus do not
ncode a C protein and the P gene of pneumoviruses is
lways monocistronic (Rima et al., 1995). Although TPMV
nd some members of the genus Respirovirus (e.g., SeV)
lso share a similar coding strategy the results based on
mino acid sequence alignments of the N and P proteins
Fig. 3) as well as the comparison of the conserved
ranscriptional signal sequences (Table 1) indicate that
PMV is only distantly related to the Respirovirus genus.
he highest degree of homology was detected between
PMV and HeV. This result is based on the most signif-
cant amino acid sequence homologies (Figs. 3 and 4),
n equivalent coding strategy including unique features
uch as the presence of an additional putative ORF
ownstream of the C ORF (Fig. 2), and the highest nu-
leotide sequence homologies within the conserved
ranscriptional signal sequences (Table 1). However, the
imited degree of extended nucleotide or amino acid
equence homologies among TPMV, HeV, and known
aramyxoviruses indicates that TPMV and HeV repre-
ent two new genera within the subfamily Paramyxoviri-
ae. UMATERIALS AND METHODS
solation, propagation, and host range of virus
The kidney cells of an apparently healthy adult tree
hrew (T. belangeri, stock BAF-BIAS/78, Battelle-Institut,
rankfurt/Main, Germany) were prepared and grown in
ell culture according to standard procedures. After 7
ays in culture the cells spontaneously degenerated and
n infectious agent was isolated from the supernatant.
he infectious agent was propagated on permanent Tu-
aia embryonic kidney (TEK) and Tupaia baby fibroblast
TBF) cell lines as described previously (Darai et al.,
980). The growth kinetics of the infectious agent was
etermined using a m.o.i. of 0.1 PFU per cell. Cell-free
upernatants were harvested at intervals of 6 h p.i. and
FU titers were determined by plaque titration assays.
he viral host range in cell culture was studied using
frican green monkey kidney (CV-1, ATCC CCL-70), owl
onkey kidney (OMK, ATCC CRL-1556), mink embryonic
ung (Mv1Lu, ATCC CCL-64), feline embryonic lung
Fc2Lu, ATCC CCL-217), and rat embryo fibroblast (REF,
arai and Munk, 1976) cell lines.
irus purification and electron microscopy
Cell culture fluids were harvested at 30 h p.i. and
irions were purified from supernatants of infected cell
ultures according to the procedure described by Kings-
ury and Darlington (1968). Virus peak fractions were
egatively stained without previous dialysis using 1%
ranyl acetate and analyzed by transmission electron
icroscopy as described elsewhere (Gelderblom et al.,
967).
mmune sera
A TPMV-specific hyperimmune serum was generated
y repeated inoculation of a New Zealand white rabbit as
escribed previously (Darai et al., 1979). Virus material
or immunization was prepared from peak fractions of a
ucrose density gradient. Preimmune serum was ob-
ained as a serological control. The neutralization titer of
he TPMV-specific hyperimmune serum was determined
o be 1:5120 using standard procedures. Human conva-
escent sera directed against human parainfluenza virus
, measles virus, and mumps virus (titers 1:32) were
urchased from Orion Diagnostica (Helsinki, Finland).
abbit hyperimmune serum raised against Sendai virus
titer 1:512) and chicken hyperimmune serum raised
gainst avian paramyxovirus 2 (WC11, anti-PMV-2/Yellow
agtail/Kenya/1/80; titer 1:1280) were kindly provided by
. Portner (St. Jude Children’s Research Hospital, Mem-
his, TN) and K. Ottis (Institute for Medical Microbiology,
nfectious and Epidemic Medicine, Veterinary Faculty,
niversity of Munich, Germany), respectively.
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432 TIDONA ET AL.solation of viral RNA and first-strand cDNA synthesis
Virion RNA and total infected cell RNA were prepared
rom TPMV-infected TBF cell cultures at 30 h p.i. using a
uanidinium thiocyanate/cesium chloride procedure ac-
ording to Glisˇin et al. (1974). The first-strand cDNA
ynthesis reaction was prepared in 20-ml volumes using
nzymes and reagents from the RNA LA PCR Kit Version
.1 (Takara Shuzo Co., Ltd., Shiga, Japan) according to the
nstructions of the manufacturer. The reaction was incu-
ated in an automated temperature cycling reactor (Ge-
ius, Techne, Cambridge, UK) for 2 min at 60°C followed
y 15 min at 50°C. Then the temperature was gradually
owered to 42°C at a rate of 1°C/min. As a final step the
eaction was incubated for 2 min at 80°C and rapidly
ooled to 4°C.
andom-primed long-range cDNA synthesis
A random-primed long-range cDNA synthesis protocol
as developed for the efficient reverse transcription of
onpolyadenylated viral genomic RNA. First-strand
DNA synthesis was performed as described above us-
ng approximately 0.5 mg of purified virion RNA and 50
mol random 9-mer oligonucleotide primers. The RNA
egradation and second-strand cDNA synthesis reaction
as prepared in 100-ml volumes using enzymes and
eagents from the cDNA Synthesis Kit (Boehringer Mann-
eim Biochemica, Mannheim, Germany). The reaction
ixture containing the entire first-strand cDNA synthesis
eaction, 60 U RNase H, and 25 U Escherichia coli DNA
olymerase I was prepared according to the manufac-
urer’s instructions. The reaction was incubated at 12°C
or 90 min, followed by 90 min at 22°C and 10 min at
5°C. Blunting of the cDNA ends was accomplished by
dding 4 U T4 DNA polymerase (Boehringer Mannheim
iochemica) and subsequent incubation at 37°C for 20
in. Purified cDNA was obtained after phenol/chloro-
orm extraction and ethanol precipitation.
xpression library
Approximately 0.5 mg of cDNA was subjected to partial
coRI restriction and thereafter ligated into the dephos-
horylated EcoRI cloning site within the lacZ reporter
ene of the l gt11 expression vector (Lambda gt11/
coRI/CIAP-Treated Vector Kit, Stratagene GmbH, Hei-
elberg, Germany). The DNA ligase reaction was pre-
ared in 5-ml volumes according to the instructions of the
anufacturer and incubation was performed at 4°C for
8 h followed by 6 h at 16°C. Recombinant l DNA was
ackaged into infectious phage particles using the Gi-
apack III Gold Packaging Extract (Stratagene GmbH).
or serological screening the recombinant phage prep-
rations were plated on E. coli strain Y1088 at concen-
rations of about 1000 PFU/petri dish using a standard
rotocol. After 16 h at 37°C the expression of recombi- fant fusion proteins was induced by transferring a nitro-
ellulose membrane (Hybond-C, Amersham Pharmacia
iotech Europe GmbH, Freiburg, Germany) that had
een saturated with isopropylthio-b-D-galactoside onto
he surface of the plate. Incubation was performed for 6 h
t 37°C. Subsequently the nitrocellulose membrane was
arefully removed and TPMV-specific recombinant fu-
ion polypeptides were detected using a TPMV-specific
abbit hyperimmune serum (see above). Positive phage
laques were visualized on the nitrocellulose membrane
sing a sheep anti-rabbit alkaline phosphatase-conju-
ated antibody (anti-rabbit IgG-AP, Boehringer Mann-
eim Biochemica) and an Alkaline Phosphatase Conju-
ate Substrate Kit (Bio-Rad Laboratories GmbH, Munich,
ermany).
ligonucleotides and polymerase chain reaction
Specific oligonucleotides were synthesized with an
ligo 1000M DNA Synthesizer (Beckman Instruments
mbH, Munich, Germany). The 59-phosphorylation of oli-
onucleotides for 59-RACE experiments was performed
ccording to standard protocols using Cloned T4 Polynu-
leotide Kinase (Takara Shuzo Co., Ltd.). PCR was per-
ormed in 100-ml volumes using TaKaRa LA Taq DNA
olymerase (Takara Shuzo Co., Ltd.). Each reaction con-
ained 1.5–2.5 mM MgCl2, 12.5 nmol of each dNTP
Boehringer Mannheim Biochemica), and 50 pmol of
ach oligonucleotide primer. DNA inserts of recombinant
gt11 phage clones were directly amplified from
laques using oligonucleotide primers GT11-E-F (59-
ATAT CGACG GTTTC CATAT GGG-39) and GT11-E-R
59-ACGGG CAGAC ATGGC CTGCC-39). An improved
CR protocol was developed based on a combination of
ommonly used hot-start and touchdown procedures.
riefly, before the dNTP mixture and the DNA polymer-
se were added, the samples were preheated for 5 min
t 94°C and rapidly cooled to 4°C. Then dNTPs and DNA
olymerase were added at 4°C and the reaction tubes
ere directly transferred to a preheated temperature
ycling reactor (Genius, Techne) at 94°C. PCRs were
ncubated for 35 cycles under cycling conditions of 94°C
or 30 s, 70–56°C for 1 min (starting at 70°C and de-
reasing by 0.4°C per cycle), and 72°C for 1–3 min,
epending on the size of the expected PCR product.
eaction products were analyzed by polyacrylamide slab
el electrophoresis and ethidium bromide staining.
apid amplification of cDNA ends
RACE experiments were performed to amplify un-
nown 39- or 59-terminal nucleotide sequences of de-
ined RNA molecules based on the method described by
rohman et al. (1988). The 39-termini of individual viral
RNA transcripts were analyzed using a standard 39-
ACE strategy. First-strand cDNA synthesis was per-ormed under conditions as described above. In each
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433A NOVEL PARAMYXOVIRUS FROM TREE SHREWSeaction about 1 mg of total RNA from TPMV-infected TBF
ells was used together with 10 pmol oligo(dT) universal
everse primer (UP-24T; 59-GTTTT CCCAG TCACG
C(T)24-39). For subsequent PCR amplification 0.2 ml of 20
l first-strand cDNA was used together with a specific
orward primer (TPMV-N3-F; 59-CACAA TTACG TGGAA
AGTA ATGC-39; TPMV-P3-F; 59-TTAAC TCTCT TGTCC
ACCA AGAG-39) and a universal reverse primer (UP,
9-GTTTT CCCAG TCACG AC-39).
Analysis of relatively large 59-terminal portions of viral
NA was accomplished by the development of an im-
roved 59-RACE protocol. First-strand cDNA was synthe-
ized as described above using about 1 mg of total RNA
rom TPMV-infected TBF cells and specific reverse oli-
onucleotide primers (TPMV-N5-R1, 59-AGCCA TTGGC
TGTC TACTG TG-39; TPMV-N5-R2, 59-CTCTA TCATC
GCAC CTCAA GATC-39; TPMV-P5-R, 59-GCATG GTGCA
CATC TGTCT GAC-3). Enzymes and reagents from the
9-Full RACE Core Set (Takara Shuzo Co., Ltd.) were
sed for template RNA degradation and ligation of first-
trand cDNA molecules to the 59-phosphorylated oligo-
ucleotide UP-24T. PCR was performed using 0.4 ml of 40
l ligated single-stranded cDNA, a universal forward
rimer (8A-UP/ic, 59-(A)8GT CGTGA CTGGG AAAAC-39),
nd the same specific reverse primer that had been used
or first-strand cDNA synthesis.
ucleotide and amino acid sequence analysis
The nucleotide sequences of PCR products were di-
ectly determined by automated dideoxy cycle sequenc-
ng and primer walking as described previously (Tidona
nd Darai, 1997). Nucleotide and amino acid sequences
ere compared to current GenBank, EMBL, and
wissProt database sequence entries using the BLAST
ervice of the National Center for Biotechnology Infor-
ation (National Library of Medicine, Bethesda, MD).
hysicochemical properties of proteins were determined
nd conserved sequence motifs were identified with the
HYSCHEM and PROSITE programs included in the PC/
ene software (Release 6.85, A. Bairoch, University of
eneva, Switzerland). The ClustalX program (Version
.64b) (Thompson et al., 1997) was used to generate
ultiple sequence alignments. Phylogenetic trees were
onstructed by distance matrix analysis using the PROT-
IST and KITSCH programs (PHYLIP Package Version
.5c, Felsenstein, 1993). Most likely evolutionary relation-
hips were determined by evaluation of trees from 1000
andomized resampling cycles. Bootstrap verification of
he resulting phylogenetic tree was performed by analy-
is of 100 bootstrapped data sets using the SEQBOOT
nd CONSENSE programs of the same package.
ucleotide sequences
The nucleotide sequence comprising the 39-terminal
eader sequence and the complete N and P/V/C genes ofPMV was deposited with the GenBank database (Ac-
ession No. AF079780).
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